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ABSTRACT

BD +30° 3639, the brightest planetary nebula at X-ray energies, was observed with Suzaku,
an X-ray observatory launched on 2005 July 10. Using the X-ray Imaging Spectrometer, the -
K-lines from C VI, O VII, and O VIII were resolved for the first time, and C/O, N/O, and
Ne/O abundance ratios determined. The C/O abundance ratio exceeds the solar value by nearly
two orders of magnitude, and that of Ne/O by at least a factor of 5. These results indicate that
the X-rays are emitted mainly by helium shell-burning products.

Subject headings: planetary nebulae: general — planetary nebulae: indi\.'idual(BD +30° 3639), X-ray

1. Introduction

Intermediate-mass stars, with initial masses <
8 Mg, are thought to contribute significantly to
the synthesis of C, N, O, and Ne through the CNO
cycle and He burning. These nuclear fusion prod-
ucts are ejected through mass loss as the stars
evolve from their AGB phase into planetary neb-
ulae (PNe). Hence, a PN can be regarded as a
messenger bearing information on the nucleosyn-
thesis within these stars. However, the optically-
visible material in PNe represents matter accu-
mulated over the PN lifetime, making it difficult
to extract information on, for instance, pure He-
burning products just by observing the PNe shells.

Soft X-rays, detected from several PNe, are
thought to originate in hot plasmas produced by
shocks in fast stellar winds (Kwok 1982; Volk &
Kwok. 1985). These fast winds develop during the
later evolutionary stages of the central star, so the
X-rays are thought to be emitted by the star’s late-

phase products. X-ray spectroscopy of PNe will
thus allow us to diagnose products of a particu-
lar nucleosynthesis phase inside intermediate-mass
stars. However, it has been difficult to resolve K-
lines from C, N, and O, the major CNO and He-
burning products, because the line energies are too
low for X-ray CCDs and the PNe are too faint for
high-resolution spectroscopy using gratings.

The 5th Japanese X-ray satellite Suzaku (Astro-
E2, Mitsuda et al. 2004) was developed by a
Japan-US collaboration as a successor to ASCA,
and was launched successfully on 2005 July 10. Tts
X-ray Imaging Spectrometer (XIS) comprises four
CCD cameras, XIS-0 through XIS-3 (Hayashida
et al. 2004). Three of the cameras use front-
illuminated (FI) CCD chips while XIS-1 utilizes
the back-illuminated (BI) technology. Compared
to similar instruments on preceding X-ray mis-
sions, both the BI and FI chips have better re-
sponses to X-rays with energies below ~ 1 keV.



We observed the PN, BD +30° 3639, with
Suzaky in order to resolve the anticipated car-
bon and oxygen emission lines. Since its detec-
tion using ROSAT (Kreysing et al. 1992), this ob-
ject has been known as the X-ray brightest PN,
emitting spatially-extended soft X-rays from in-
side its ~ 4" diameter optical shell (Kastner et al.
2000). The X-ray emitting plasma is thought to
have highly non-solar abundance ratios, as shown
by-the strong Ne-K line first detected using ASCA
(Arnaud et al. 1996), and a broad sub-keV spectral
hump, presumably a blend of C, N, and O lines,
subsequently detected with Chandre (Kastner et
al. 2000; Maness et al. 2003).
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Fig. 1.— Images of BD +30° 3639 in 0.3-0.7 keV,
taken with XIS-0 (FI-CCD; left) and XIS-1 (BI-
CCD; right) . Two circles specify data accumula-
tion regions.

2. Observation

The present observation of BD +30° 3639 was
performed for a net exposure of 34.4 ksec on 2005
September 20 (seq. - no. 100025010), as part
of the initial performance verification of Suzaku.
Both the XIS and the Hard X-ray Detector (HXD;
Kawaharada et al. (2004)) onboard were operated
in their nominal modes. We do not use the HXD
data since its non-imaging 34’ x 34’ field of view
also contains part of the large supernova remnant,
G65.2+45.7, which overlaps with the target PN.

The target was clearly detected in all XIS cam-
eras and is unresolved at the angular resolution
of the Suzaku X-ray Telescopes; Figure 1 shows
0.3-0.7 keV images obtained with two of the cam-
eras. We define the source region as a 2'.5 radius
circle centered on the source, and the background
region as a surrounding annulus with an outer ra-
dius of 5. After background subtraction, net sig-
nal counts are 1116446, 3039474, 1174 +47, and
1012 + 44 from XIS-0, 1, 2, and 3, respectively.

Since the three FI cameras (XIS-0, 2, 3) are essen-
tially identical, we co-add their data, and refer to
them as “XIS-023” below.
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Fig. 2.~ Spectra obtained with XIS-1 (BI). Red
filled circles show the on-source (background inclu-
sive) data, and black open circles the background.
The prediction of an absorbed 1-solar abundance
model with kT = 0.2 keV is sketched in green.
Positions of major lines are indicated in blue.

3. Amnalysis and Results

As shown in Figure 2, the on-source XIS-1 spec-
trum clearly shows at 0.37 keV the K, line from
hydrogenic carbon (C VT). Its absence in the back-
ground spectrum ensures that the line is not due
to contamination by G65.2+5.7. The spectra also
show K, lines from O VII, O VIII, and Ne IX.

At a temperature of KT ~ 0.3 keV (Arnaud
et al. 1996; Maness et al. 2003), the C VI to
O VII line emissivity ratio of a solar-ratio plasma
is ~ 0.15. This ratio will be reduced to ~ 0.03
(Murashima 2006) due to interstellar absorption,
and the decrease in XIS-1 efficiency toward lower
energies. Mevertheless, the XIS-1 spectrum yields
comparable numbers of C VI and O VII line pho-
tons, suggesting a highly enhanced C/O ratio.

This early in the mission, the XIS calibration
is still being fine-tuned. There are uncertainties

_in the energy gain, and also in the low-energy effi-

ciency which has decreased since the start of obser-
vations. We solved the former by self-calibrating
using the emission lines from BD +30° 3639 them-
selves. The latter effect is attributed to excess
absorption due to the build-up of contaminant



in front of the XIS cameras. We estimated the
chemical composition of the excess absorber us-
ing a Suzaku observation of the isolated neutron
star RX J1856.6-3574 (Murashima 2006), which is
known to exhibit a blackbody with a temperature
of 63 eV (Burwitz et al. 2003). To determine the
contaminant thickness for XIS-1 and (separately)
XIS-023 we included in all analysis a simultane-
ous fit to the archival (Obsld 587) background-
subtracted Chandra ACIS-S spectrum.
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Fig. 3.— Background-subtracted XIS-1 (red),
X1S-023 (black), and Chandra ACIS-S (blue) spec-
tra of BD +30° 3639, fitted jointly by an absorbed
vAPEC model. The XIS responses take into ac-
count the excess absorption.

We jointly fit the background-subtracted XIS-
1, XI8-023, and Chandra ACIS-S spectra, using
a single-temperature vAPEC model (Smith et al.
2001). The abundances (relative to solar; Anders
& Gevesse (1989)) of C, N, O, Ne, and Fe, were left
free; that of He fixed to solar; other heavy elements
were neglected; kT and the hydrogen column den-
sity Ny were left free. As shown in Figure 3, the
model gives a reasonable joint fit to the three spec-
tra, with x*/v = 331/228. We determined kT =
0.19 £ 0.01 keV and Ny = (2.173%) x 10*! cm

Figure 3 shows confidence contours for the C
and O abundances, derived as described above.
The absolute C and O abundances are poorly con-
strained, because the continua, due to hydrogen,
(presumably non-solar abundance) helium, and
the enhanced metals themselves, cannot be inde-
pendently determined. Nevertheless, the individ-
ually resolved lines do successfully constrain the
C/O ratio as 104 > C/O > 71 solar at 90% confi-
dence, with the best fit at 85. In the same way, we
have obtained 5.5 >N/O > 0.9 and 7.5 > Ne/O

> 4.7, with the best fits of 3.2 and 5.8, respec-
tively, and Fe/O< 0.1, all in solar units.
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Fig. 4.— Confidence contours for the O and C
abundances, derived from the single VAPEC fit
of Figure 3. The 69% (black solid), 90% (red
solid), and 99% (blue dotted) confidence contours
are drawn. The other parameters are left free, ex-
cept for those described in the figure.

Although we have so far assumed the He/H ra-
tio to be solar, increasing it to 5, 10, or 20 solar
does not affect the relative C/N/O/Ne abundances
by more than 5%. Similarly, the results remain un-
changed within ~ 10% when the thickness of the
XIS excess absorber is varied by £20% around the
best estimates (equivalent to Ng ~ 8x1020 cm™2),
or the background spectra are derived from sev-
eral other regions in the XIS field of view. If the
absorption is fixed at the intervening interstellar
column of 1 x 10%! cm~2 (Murashima 2006) es-
timated from extinction (Cahn et al. 1992), the
C/O ratio decreases by a factor of ~ 3, but the
(non-reduced) x? increases by about 20.

To relax the assumption of isothermality, we
refitted the three spectra jointly with a sum of
two vVAPEC components, which are constrained
to share common abundances and the same Ng.
We tentatively fixed the C/O ratio at various trial
values, and let the two temperatures vary. Even
with this extra degree of freedom, acceptable fits
were reproduced only when the assumed C/O ra-
tio is in the range 35-120 solar. Further, the C/O
ratio stays above ~ 30 even when fitted with a
model allowing non-equilibrium ionization condi-
tions. Thus, the high C/O ratio is a robust result,
confirming the previous suggestions (Arnaud et al.
1996; Kastner et al. 2000; Maness et al. 2003).



4. Discussion

At a distance of 1.3 kpc (Mellema 2004),
the 0.2-2.0 keV luminosity of BD 430° 3639 is
~ 1.4 % 10% ergs s71, in agreement with previous
measurements. This is only ~ 0.1% of the kinetic
luminosity supplied by the fast stellar wind (de
Freitas Pacheco et al. 1993), ~ 1.2 x 10%6 ergs s~
This, together with the X-ray emitting region just
fitting inside the optical shell (Kastner et al. 2000),
supports the interacting wind model (Kwok 1982;
Volk & Kwok. 1985) as a baseline scenario to ex-
plain the X-ray emission from this PN.

Observations in the optical and neighboring
wavelengths give the nebular abundance ratios of
BD +30° 3639 as C/O~ 3.7, N/O~ 1.8, and
Ne/O ~ 2.8 in solar units (Bernard-Salas et al.
2003). Compared with these, our X-ray resultsim-
ply qualitatively similar, but much more extreme,
abundance patterns. This is not surprising, since
the X-ray emitting plasma, is considered to repre-
sent a very limited radial zone of the stellar inte-
rior. In fact, assuming, based on the Chandra im-
age, that the X-ray emitting plasma fills a sphere
of radius 0.01 pc (1”.6), its mass is estimated as
~5x10™* Mg from the observed emission mea~
sure of 5.7 x 10°® cm™3. This can be supplied only
in ~ 70 yr by the mass loss of ~ 7x 1076 Mg yr—!
(de Freitas Pacheco et al. 1993).

Which part of the stellar interior provides the
X-ray emitting plasma? The most outstanding
feature is the extreme carbon enhancement, ~ 40
in the C/O number ratio; this is a typical value
expected from competition between the triple-
o and '2C(a, )00 reactions during He shell-
burning flashes (Suda et al. 2004), for an initial
mass of ~ 2 Mg. Therefore, this suggests that
the X-rays come primarily from He shell-burning
products.” The observed high Ne/O ratio, in con-
trast, requires a neon-producing path without *60.
Presumably N, from the CNO cycle, burnt as
UN(a, v)BR(BT, v)¥0(c, v)**Ne during the He
shell flashes, producing ?*Ne which is indistin-
guishable in X-rays from the more abundant *°Ne.
Finally, the hint of enhanced N/O ratio suggests
that some fraction of the nitrogen, produced in
the CNO cycle and stored in the He layer, escaped
without being caught up in the He shell burning.

From these considerations, we arrive at the fol-
lowing scenario for this PN, The hydrogen-rich en-

velope is likely to have already been expelled. The
outer parts of the He layer, composed of radiative
and convective zones, are currently being ejected
in the form of fast stellar winds, carrying the abun-
dant carbon and ?2Ne produced in He shell flashes,
as well as unprocessed nitrogen. These ejecta are
shock-heated to emit X-rays.

A more quantitative comparison with the op-
tical spectra of the central stars of PNe (Leuen-
hagen & Hamann 1998) will provide a valuable
calibration of the models of stellar evolution and
nucleosynthesis. -Such work may also allow us to
estimate the initial progenitor mass, and to clarify
when the fast stellar winds start blowing.
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cussion. MM expresses her deepest gratitude to
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